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ABSTRA CT
Labdanes are a large and important class o f  diterpenes. Colophospermum mopane 
seems to be a source o f “prim itive” 9,13-epoxylabdanes. The structures o f these 
com pounds are “m issing links” in the biogenesis o f  9,13-epoxylabdanes. This 
research reports a new com pound extracted from the seeds o f  C. mopane. The 
structures o f  this com pound has been com pletely elucidated by N M R  spectroscopy, 
and the stereochem istry o f the com pound supports predictions based on biosynthetic 
argum ents. Furtherm ore, this thesis also corrects N M R  assignm ents previously 
reported by another group [Mebe, 2001]
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1.1 Description o f M opane
Colophospermum mopane, com m only called mopane, is a legum inous tree, which is 
usually 5 -12  m high. M opane can also be a 1-2 m deciduous shrub The trunk o f 
mature m opane trees usually have a diam eter o f  50-80  cm, but can reach lm . The 
tallest recorded m opane tree in Zim babw e is 24 m tall [Tim berlake, 1995].
W hen the rainy season starts, the leaves appear. These leaves are alternate, and 
possess a single pair o f large triangular leaflets, resem bling butterfly wings. These 
leaflets are articulated basally, asym m etric, and m easure 4 .5 -9  cm  long and 2 .5 -5  cm 
wide. These leaflets have between 7 and 12 nerves at the point o f  attachm ent, but no 
midrib. [Tim berlake, 1995].
The root system is o f  m opane is around 30 -120  cm deep, w hich is considered to be 
shallow. However, in deep soil the root system can be up to 2 m deep.
M opane appears to be adapted to xeric (deficient in m oisture) conditions, and can 
grow in soil with low levels o f both nitrogen and potassium . H ow ever, growth is 
more rapid when these conditions are not present [Tim berlake, 1995],
M opane’s sem i-circular seed pods are yellow ish-brow n, 3 .5 -6  cm long, and 2 -3 .2  cm 
wide (Figure 1.1). They are papery and light, so they are easily dispersed by wind.
1.0. INTRODUCTION
T he p o d s co n ta in  large  (1 .4 -2 .5  cm ) seeds (F igu re  1.2). T hese  co rru g a ted  seeds are 
co v ered  in  sm all, sticky , red d ish  g lands. T he rip e  p o d s appear b e tw een  M arch  and  
June, b u t u su a lly  d rop  in  M ay. T he p o d s are d isp ersed  p rim arily  b y  w ind , h o w ev er 
adh erin g  to  ho o v es o f  an im als m ay  also  co n trib u te  to  d is trib u tio n  [T im berlake, 1995].
F ig u r e  1.1: A  p h o to g r a p h  o f  m o p a n e  se e d  p o d s  (p h o to  b y  B r ia n  E n g lu n d )
F ig u re  1.2: A  p h o to g r a p h  o f  m o p a n e  se e d s  (p h o to  b y  B r ia n  E n g lu n d )
T he seeds are  re sp o n sib le  fo r rep ro d u c tio n , b u t ro o t suckers h av e  also  b een  recorded . 
A lso , co p p ic in g  is charac te ris tic . T h ese  seeds can  germ ina te  easily , h o w ev er, th ey  are
disposed to dam ping o ff disease. M opane seeds need to be free o f  com petition, 
especially from grasses, to grow. G erm ination is very good and in the first few 
m onths after the rains, many seedlings can be found. However, m ost do not survive 
the dry season to become saplings [Tim berlake, 1995]. A nother possible explanation 
for the high m ortality o f  the seedlings is the presence o f m am m als [Jarman, 1969].
M opane has few reported pests or diseases. One is the three leaf-spot fungi. A nother 
type o f  pest is the m opane worm , w hich is an edible larvae o f a m oth (Gonimbrasia 
belina). The m opane w orm  causes severe defoliation in some years, but the trees 
appear to be able to recover. The m opane psyllid (Arytaina mopane), another pest, 
feeds on m opane leaves, and excretes a product called lerp. It is reported that lerp 
m akes m opane leaves m ore appetizing to browsing animals. In addition, m opane tree 
trunks are often hollow, as a result o f  fungal heart-rot caused by Phellinus rimosus.
In areas o f m opane woodland, m opane m ay show forking at heights o f 1-3 m. This is 
possibly dam age caused by elephants, or other large m am m als [Tim berlake, 1995],
1.2 D istribution o f M opane
A ccording to Tim berlake, there is no com prehensive map o f the m opane distribution 
as a species. However, several m aps o f m opane-dom inant vegetation types are 
available [Tim berlake, 1995]. These have been com piled by M apaure (Figure 1.3).
4F igu re  1.3: A m ap o f  m op a n e-d o m in a n t veg eta tio n  com piled  by M ap a u re  [M apaure, 1994]
The altitude at w hich m opane is found is betw een 200 and 1200m. M ost m opane is 
found from 300 to 1000m. In areas w here the vegetation is m opane-dom inated the 
average rainfall is 100-800 mm, but m ost areas are in the 4 0 0-700  m m  range. 
M opane cannot tolerate severe cold [Tim berlake, 1995].
M opane usually grows in clay-rich soil. M opane is som etim es said to indicate sodic 
(containing sufficient sodium  to interfere with the growth o f  m ost crop plants), or 
infertile soil, but m opane does not exclusively grow in these types o f  soil 
[Tim berlake, 1995].
The consensus is that the phenom enon o f  different-sized m opane is not caused by 
different genotypes, but rather by differences in soil m oisture and effective rooting 
depth. Seeds from both shrubland and woodland m opane have been raised by 
Professor John Bryant, who saw no physiological differences. Also, there have been 
no genetic differences reported. O ther suggested causes for the different m opane 
form s are fire, frost (m opane is very frost sensitive), old cultivation, and elephant 
damage. W hen com paring areas with sim ilar frost and large anim al impacts, different 
types o f  m opane are found. There is consistency, however, in physiographic and soil 
conditions w here shrub m opane occurs. This suggests soil conditions are the 
causative factor [Tim berlake, 1995],
O ccasionally, tall m opane trees (8 -1 0  m) are found in areas o f  m opane shrubland.
The causes for this have not been investigated. It is hypothesized that either the trees 
are on sites with a m ore pervious subsoil (i.e. old term itoria), or the sites w'here the 
trees grow have underlying rocks [Tim berlake, 1995],
E lephants can cause m assive dam age to m opane w oodlands, som etim es enough to 
reduce them  to shrubland. Dam age is usually localized and found in areas o f  large 
elephant concentration. D am age occurs m ostly at the beginning o f  the dry season, 
because other browse and grass is less available to the elephants. D am age is usually 
caused by male elephants [Tim berlake, 1995].
The fact that elephants som etim es reduce m opane w oodland to m opane shrubland is 
actually beneficial ecologically. In Sengwa, only 6.3% o f  the browse found in 
m opane woodland is below 2.5m, m aking it unavailable to m ost m am m als. By being 
reduced to shrubland, the canopy is now available to be used in nutrient and energy 
cycling [Tim berlake, 1995],
1.3 Uses o f  M opane
M opane has several uses. It can be used for timber. The heartwood is dark red to 
black, strong, hard, heavy, durable, and insect resistant. It is som etim es carved into 
small household items or used for craftwork, but is too hard to be used for furniture. 
M ore com m only, it is used for fence posts, mine props, hut posts, railw ay sweepers, 
and parquet flooring. There are a couple problem s with using m opane for timber.
One problem  is that m any large trees contain large knots and have poor form. They 
are also usually hollow  due to heart rot. A nother problem  is size. M ost trees that 
have a butt diam eter greater than 30 cm also have a tim ber height o f  less than 3m 
[Tim berlake, 1995],
M opane is a good fuel wood. It is slow-burning, produces a large am ount o f  heat 
during its long burn (energy content = 21570 kJ/kg), and is a good source o f  charcoal. 
It is slow to heat water, but the coals em it a high radiant heat, w hich can be used for 
long cooking times. However, the burning efficiency is not high, and m opane 
produces m uch sm oke [Tim berlake, 1995].
8M o p an e can  also  be u sed  fo r brow se . In  the  d ry  season , the  leav es an d  young  tw ig s 
are  a v a lu ab le  source o f  b row se  fo r e ith e r w ild life  o r livestock . A ccess  to  m opane  
b row se  g rea tly  red u ces stock  losses du rin g  d ro u g h t years. M o p an e  leaves a lone, 
how ever, are n o t en o u g h  fo r su rv ival. T hey  are o ften  co m b in ed  w ith  hay , m olasses, 
o r m aize  and  bonem eal [T im berlake, 1995], A  d ie t co n sis tin g  so le ly  o f  m o p an e  is 
said  to  k ill ca ttle  afte r several days; h o w ev er, th is  has n o t b een  in v estig a ted  [R eiter, 
2002],
T he b est k n o w n  p ro d u c t o f  m o p an e  is th e  m opane  w orm  (F igu re  1.5).
F ig u r e  1 .5 : A  p h o to g r a p h  o f  a  m o p a n e  w o r m . T h is  p ic tu r e  is c o p ied  fro m  
h ttp : //w w w .sc ie n c e in a fr ic a .c o .z a /  2 0 0 3 /ju n e /m o p a n e .h tm
T he m o p an e  w o rm  is the  ed ib le  larvae o f  G onim brasia belina, a  sa tu rn id  m o th  
so m etim es ca lled  th e  A n o m alo u s E m pero r. T he la rv a  is co n sid ered  a  d e licacy  in  
B o tsw an a  and  T ransvaal [T im berlake, 1995]. In  S ou th  A frica  a lone, th o u san d s o f  
to n s  o f  m o p an e  w o rm s are  co n su m ed  [R eiter, 2003], T he la rv a  are  p rep a red  by  first
squeezing out the intestines, boiling the worm s in water, and then either drying them 
for storage or cooking by frying or roasting [Timberlake, 1995].
M opane has reported m edicinal uses. Bark extract is used to treat syphilis, inflamed 
eyes, diarrhea, and dysentery. An infusion o f  roots is said to cure tem porary m adness 
and kill intestinal worm s. The gum, w hich can be extracted from the heated wood, 
reportedly can heal persistent w ounds. However, these claim s have not been 
investigated [Tim berlake, 1995].
M opane has various other uses. The previously m entioned lerp is used to make 
leaves more appetizing to cattle. People in various countries use the bark to m ake 
string or twine. A fter m opane is burned, the wood ash can contain up to 55% lime, 
w hich can be used as a fertilizer. Ansellia africona, the leopard orchid, can be found 
in the forks o f  m opane trees. A lso, the red-billed hornbill nests in the m opane tree 
[Tim berlake, 1995],
1.4 Know n Terpenoid Chem istry o f M opane
This thesis reports the presence o f  a new 9,13-epoxylabdane in m opane (II), as well 
as confirm ing the presence o f a previously reported labdane (I) (Figure 1.6). 
Stereoview s o f  I and II, the two labdane diterpenes shown in Figure 1.6, are shown in 
Appendix H.
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F igu re 1.6: T he tw o lab d an e d iterp en es I iso lated  from  an extract o f  m o p an e seeds
Previous studies o f m opane have revealed the presence o f  several novel labdane 
diterpenes (Figure 1.7).
OHC —
H 0 H 2C —
F igu re 1.7: P rev iou sly  rep orted  labd ane d iterp en es iso la ted  from  m op an e by R e iter  (2003) and  
M ebe (2001)
C om pounds I I I  (hexanes extract o f m opane roots), IV  (hexanes extract o f  m opane 
roots), V I (hexanes extract o f m opane leaves), and V II (hexanes extract o f seed 
husks), were reported by Reiter [Reiter, 2003], Com pounds I, V, and V II I  were 
found in the bark and seeds by M ebe [M ebe, 2001], M ebe also reported that 
com pound V exhibited cytotoxic activity against hum an breast cancer.
The goal o f  this project was to isolate new and interesting natural products. After 
w orking on extracts o f  m opane seeds with Loda Griffeth, we decided that w e had 
isolated a m ixture o f  both o f  the C-13 epim ers o f  M ebe’s acid (I). The existence o f 
these com pounds is consistent with biosynthetic expectations (vide infra). I sought to 
isolate and characterize both com pounds individually.
Com pounds I  and I I  were obtained from  an ether extract o f  m opane seeds. 
Com pounds I  and I I  have the same skeletal structure, so they have the same 
num bering scheme (Figure 1.8). The proposed m echanism  for the form ation o f 
com pounds I  and I I  is shown in schem e 1.1.
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F igu re 1.8: T he n u m b erin g  sch em e for com p ou n d s I-VII
Scheme 1.1, adapted from Blount (1980), starts with geranylgeranyl phosphate being 
protonated, leading to two ring closures, and leaving a tertiary cation. This 
interm ediate then undergoes a hydride shift, which is m ost likely enzym e assisted, 
giving a second tertiary cation. This hydride shift forces the methyl to occupy the 
axial position, w hich is com m on in m ost labdanes. The cation captures water, and the 
CH 2 OP group is oxidized to an aldehyde. Capture o f  water from  the a  side o f  the 
carbocation is expected to be m ore com m on than p attack; the p side o f  the 
carbocation is sterically restricted with m ethyls at C - 8  and C-10. This is m ost likely 
why the m ajority o f 9,13-epoxylabdanes have the ether linkage in the a  position. The 
prim ary alcohol can then undergo a reversible M ichael reaction w ith the a ,P - 
unsaturated aldehyde. Due to the fact that the M ichael reaction is reversible and not
stereospecific, there is no com pelling biosynthetic argum ent for a particular 
configuration at C-13 and the literature is rich with exam ples o f  each [Reiter, 2003; 
M eragelm an, 2004; Jakupovic, 1987], Finally, oxidation forms the carboxylic acid.
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Sch em e 1.1: T he prop osed  b iosyn th etic  p ath w a y  for I and II, sta r tin g  w ith  gera n y lg era n y l  
p h osp h ate
2.0. RESULTS AND DISCUSSION
2.1 Com pound I
2.1.1 Isolation and Identification o f  Com pound I
Using the protocol described in chapter 4, com pound I  (38 mg) was isolated from the 
seed extract. 'H , 1 3C, gHSQC, gHM BC, and NO ESY  spectra w ere obtained in C D C b 
(A ppendix A). The spectra were quite sim ilar to those reported by R eiter (2003), 
suggesting a 9,13-epoxylabdane skeletal structure. These spectra were used to assign 
all peaks (Table 2.1). The *H, 13C, HSQC, and HM BC spectra were used to verify the 
skeletal structure o f  com pound I, but gave no stereochem ical inform ation about the 
com pound. 2D N O ESY  spectra was utilized to determ ine stereochem istry.
It is generally assum ed that our type o f  system is a labdane, m eaning that C-20 is 
“up” (i.e. C -10 is in the S configuration), and other stereocenters are assigned relative 
to it (Figures 2.1 and 2.2). If  C-20 w ere “dow n”, this would be an ent-labdane 
(Figure 2.3). The labdane structure shown in Figure 2.1 is more com m on than the ent 
labdane structure, and the only ways to determ ine the absolute stereochem istry would 
be to convert com pound I to a com pound with known absolute stereochem istry, or to 
use X-ray crystallography. For positions 1-9, som ething is said to be “ P” if  it is cis to 
C-20; if it is trans, then we say it is “a ” .
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T able  2.1: C h em ical sh ifts assign ed  for  com p ou n d  I, based  on H M B C , H S Q C , D E P T , and  
N O E S Y  Spectra
C D C b d&-Benzene
Position H C H C
1 1.40 (a ) 33.5 1.08 (a ) 33.3
1 .30(3) 1.51 ( 3 )
2 1.35 (a ) 17.1 1.38 (a ) 17.3
1 .47 (3 ) 1.29 (3)
3 1.13 (a ) 41.9 1 .1 9 (a ) 42.1
1.31 (3) 1.28 ( 3 )
4 33.6 33.4
5 1.36 48.6 1.56 48.0
6 1.55 (a ) 18.3 1.37 (a ) 18.5
1.42 (3) 1 .50 (3 )
7 1.48 30.2 1 .3 2 (a ) 29.8
1.80 2.07 (3)
8 1 . 8 6 39.4 1.71 39.1
9 96.1 93.6
1 0 42.2 42.0
1 1 1.89 (proS) 29.0 1.47 (proS ) 28.7
2.06 (proR) 1.63 (proR)
1 2 1.85 (proS) 38.3 1.43 (proS ) 37.5
1.88 (proR) 1.65 (proR)
13 81.3 81.0
14 2.52 47.5 2.30 47.4
2.60 2.38
15 172.5 176.2
16 1.35 26.4 1.26 26.5
17 1.06 18.6 0 . 8 6 18.1
18 0.81 21.9 0.78 2 1 . 8
19 0.87 33.6 0.81 33.4
2 0 0.94 18.4 0.79 18.2
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F igu re 2.1: T he sk eleta l stru ctu re  o f  co m p o u n d s 1-VII
20 17
F igu re 2.2: T he ch a ir  co n form ation  o f  com p ou n d s I-V II
F igu re  2.3: T he stereo ch em istry  o f  an ent-Iabdane
2-D N O ESY  was used to determ ine the stereochem istry at C - 8 . I f  the m ethyl at C - 8  
is axial, it should have an N O E with C-20. C-20 is a well resolved singlet at 0.95
ppm, and C-17 is a doublet at 1.06 ppm. Figure 2.4 shows im portant correlations for 
determ ining the stereochem istry o f  C -8 .
These N O Es also prove the stereochem istry at C-9. C-17 has an N O E  with C-20, as 
well as the pro-S hydrogen on C -l 1. C-20 has an N O E with the pro-R  hydrogen on 
C -l 1. This could only occur if the ether linkage is in the a  position.
F igu re 2.4: Im p ortan t N O E SY  correla tion s for  p ro v in g  the stereo ch em istry  o f  I at C -8 and C -9
The stereochem istry at C-5 can be verified by an N O E with C -l 8 . C - l 8  is the m ost 
upfield m ethyl, at 0.81 ppm. Figure 2.5 shows the relevant N O Es for proving the 
stereochem istry at C-5. The N O E betw een C-5 and C - l 8  proves that the hydrogen on 
C-5 is a. If  the hydrogen on C-5 was P, then it would have N O Es w ith  C-17, C -l 8 , 
C -l 9, and C-20. Also, if  the hydrogen on C-5 was P, the 'H  and ,3C N M R  should 
look very different than that o f R eiter (2003), which it does not. Finally, there are no
known labdane structures with a cis-decalin system (A search using Scifinder Scholar 
for “cis-decalin” and “ labdane” results in only two hits. Both are journal articles 
having to do with synthesis, not isolation. Also, Devon and Scott (1972) reports no 
cis-decalin labdanes.).
F igu re 2.5: Im p ortan t N O E SY  correla tion s for  prov in g  the stereo ch em istry  o f  I a t C -5
By far, the most difficult stereochem istry to assign was at C - l3. C-13 is believed to 
be in the S configuration, based on the N O Es shown in Figure 2.6. C - l 6  has NO Es 
with the pro-R  hydrogen on C -l 1 and the pro-S hydrogen on C - l2, w hich were both 
assigned by N O ESY  correlations. This w ould only occur if C-13 was S. M olecular 
m odeling shows that the methyl and m ethylene groups on C-13 are far aw ay from the 
main ring system, m aking m ost N O E signals too weak to be detected.
Overlapping peaks made some N O ESY  correlations am biguous. In an attem pt to 
further verify the stereochem istry o f  C-13, 3 drops o f  deuterated pyridine were added
to the N M R  sam ple and spectra were obtained. We hypothesized that they would 
form a com plex, as shown in Figure 2.7, that would result in significant changes in 
chem ical shifts near the carboxylic acid.
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F igu re  2.6: Im p ortan t N O E SY  co rrela tio n s for p rov in g  the stereo ch em istry  o f  I at C -13
F igu re 2.7: T he stru ctu re  o f  a possib le  ca rb oxy lic  ac id /p y rid in e  com plex
A sim ilar technique was used by R eiter (2003). R eiter had an alcohol at C -l 5, and 
converted it to a />-bromobenzoyl ester, and saw changes in the chem ical shift o f  the
hydrogen on C -8 . W hen I added the pyridine, however, the only significant changes I 
saw w ere associated with C -l 1 and C-12 (Appendix A).
'H , l3 C, HSQC, HM BC, and N O ESY  spectra were then obtained in d6 -benzene in 
effort to further support the assignm ent o f  the stereochem istry at C-13 (A ppendix A). 
C -13 's  stereochem istry was able to be assigned, how ever it was through the same 
correlations that were seen when the sam ple was analyzed in CD CI3 (Figure 2.8).
F igu re  2.8: Im p ortan t N O E SY  correla tion s for  p ro v in g  the stereo ch em istry  o f  I a t C -13  in d 6- 
benzene
The peaks were assigned as they w ere w ith CDCI3 (Table 1). All the HM BC and 
N O ESY  correlations are shown in Figures 2.9 and 2.10. The a  and p hydrogens, 
except for those on C-7, were assigned using 2-D NO ESY
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F igu re 2.9: A rrow s in d ica tin g  all H M B C  co rrela tio n s for I in rf^-benzene
F igu re  2.10: L ines in d ica tin g  all N O E  corre la tio n s for  I in rf^-benzene
2.1.2 C onversion to a M ethyl Ester
Since changing N M R  solvents revealed no new NOESY  correlations, one last attem pt 
was m ade to support the assignm ent o f  C-13. The carboxylic acid w as converted to a 
m ethyl ester by reacting it with diazom ethane (Scheme 2.1).
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c h 3
h 3c - n = n
N
la
Sch em e 2.1: T he reaction  o f  com p ou n d  I w ith  d ia zo m eth a n e  to p rod u ce  co m p o u n d  la , adap ted  
from  M aitlan d  Jones (1997)
'H , l3 C, HSQC, HM BC, and 2-D N O ESY  spectra were obtained (A ppendix A). 
HM BC and N O ESY  correlations are shown in Appendix F. U nfortunately, no new 
N O ESY  correlations were observed. However, the N O ESY  spectra o f  this com pound 
in both CD CI3 and benzene tells us it m ust be that o f  com pound I. C om pounds I 
and I I  were isolated as a mixture, and com pound I was reported by M ebe (2001), so I 
should have been able to determ ine w hich peaks were due to w hich com pound. 
However, the chemical shifts for I  and I I  are so sim ilar (Tables 2.1 and 2.2), that this 
proved impossible.
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2.2 Com pound II
2.2.1 Isolation and Identification o f  Com pound II
Using the protocol described in chapter 4, com pound I I  (58m g) was isolated from the 
seed extract. 'H , 13C, gHSQC, gHM BC, and N OESY spectra were obtained for the 
sam ple in CDCI3 to verify that the structure was that o f  com pound I I  (A ppendix A). 
These spectra were used to assign all peaks (Table 2.2). The 'H , 1 3C, HSQC, and 
HM BC spectra were used to verify the skeletal structure o f  com pound II , but gave no 
stereochem ical inform ation about the com pound. 2D N O ESY  spectra was utilized to 
deterem ine stereochem istry.
As with com pound I, 2-D NO ESY  was used to determ ine the stereochem istry o f all 4 
stereocenters relative to C-10. Position 5 was assigned by an N O E  with position 18 
(Figure 2.11).
If  position 5 was in the opposite configuration, we would have a cis-decalin system. 
Again, no labdanes w ith cis-decalin system s have ever been reported [Devon and 
Scott, 1972], If  this were a cis decalin system, we w ould expect greatly different 
chem ical shifts for the carbons in the rings o f the decalin system. C - 8  and C-9 were 
both confirm ed by N O ESY  correlation with C-20 (Figure 2.12) C-17 has a N O ESY  
correlation with C-20, which would only occur if C-17 is (3. C-20 has N O ESY
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correlations with C -l 1 and C-12, so these m ust be P to C-20, m eaning that the ether 
linkage is a .
T ab le  2.2: C h em ica l sh ifts a ssign ed  for  com p ou n d  II, based  on H M B C , H SQ C , D E P T , and  
N O E S Y  S p ectra
C D C b d t-Benzene
Position H C H C
1 1.26 33.6 1.07 (a*) 33.3
1.33 1.44 (P*)
2 1.41 17.2 1.30 17.3
1.45 1.38
3 1.14 (a*) 41.9 1 . 2 2 42.1
1.31 (3*) 1.30
4 33.6 33.4
5 1.29 49.1 1.58 48.1
6 1.42 (a ) 18.3 1.40 (a ) 18.4
1 .58 (3 ) 1 .50 (3 )
7 1.42 29.6 1.29 (a ) 29.6
1.94 2.07 (3)
8 1.92 39.2 1.72 39.3
9 96.2 93.3
1 0 42.1 42.0
1 1 1.93 (proS) 28.7 1.52 (proS) 28.7
2 . 0 2  (proR) 1.62 (proR)
1 2 1.93 (proS) 38.2 1.57 (proS) 37.3
1.80 (proR) 1 . 6 6  (proR )
13 80.9 80.7
14 2.48 46.7 2.42 46.5
2.69 2.46
15 172.7 176.2
16 1.39 27.7 1.26 27.7
17 1.06 18.4 0.85 18.2
18 0.81 2 1 . 8 0.80 2 1 . 8
19 0 . 8 8 33.7 0 . 8 6 33.5
2 0 0.95 18.5 0.79 18.0
* A ssigned  B y C o m p arison  W ith  C om p ou n d  I
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F igu re 2.11: Im p ortan t N O E SY  co rrela tio n s for  p rov in g  the stereo ch em istry  o f  II at C -5
F igu re 2.12: Im p ortan t N O E S Y  co rrela tio n s for p ro v in g  the stereo ch em istry  o f  II at C -8  and  C -9
Finally, C-13 was confirm ed by an N O E  between C -l and C-14 (Figure 2.13).
EL
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F igu re  2.13: Im p ortan t N O E SY  correla tion  for  prov in g  the stereo ch em istry  o f  II at C -13
W hile Figure 2.13 m akes it look like these hydrogens are very far apart, according to 
HyperChem , they are only about 2.8A apart. However, to verify the assignm ent o f C- 
13, 'H , 13C, gHSQC, gH M BC, and N O ESY  spectra were obtained in for the sample 
cfc-benzene (Appendix A).
Proton and carbon assignm ents for com pound II  are given in Table 2.2. The 
stereochem istry at positions 5, 8 , and 9 were proved with the N O E SY  correlations 
seen in Figure 2.14. Position 13 was verified by a N O ESY  betw een the C - 8  hydrogen 
and C -l 6  (Figure 2.15). This could only occur if position 13 was in the R 
configuration.
£
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F igure 2.14: Im p ortan t N O E S Y  co rrela tio n s for proving  the stereo ch em istry  o f  II at p o sition s 5, 
8, and  9 in rf6-ben zen e
F igu re  2.15: Im p ortan t N O E S Y  correla tion s for  p rov in g  the stereo ch em istry  o f  II at position  13 
in ^ -b e n z e n e
In an attem pt to further support the assignm ent o f stereochem istry, 3 drops o f  d$- 
pyridine were added to a CDCI3 N M R  sam ple and spectra were obtained (Appendix 
A). No im portant changes w'ere observed.
2.2.2 Conversion to a M ethyl Ester
Com pound II was converted to the m ethyl ester (com pound Ila) with diazom ethane, 
by the same method used for com pound I, and 'H , 13C, HSQC, H M BC, and 2-D 
N O ESY  spectra were obtained (A ppendix A). The chem ical shifts for com pound Ha 
are shown in Table 2.3 and the HM BC and N O ESY  correlations are shown in 
A ppendix G. Unfortunately, like com pound la, no new N O ESY  correlations could 
be observed.
2.3 Sum m ary o f Com pounds I and II
C om pounds I and II m ust have the stereochem istries shown in Figure 2.16. These 
have been verified by m ultiple N O ESY  correlations. Also, these assignm ents are 
self-consistent. That is, we have verified the stereochem istry at C-5, C -8 , and C-9, so 
these two com pounds m ust be C-13 epim ers. Since com pound I  has an S 
configuration at C-13, com pound II m ust have a corresponding R  configuration at C- 
13. The N O ESY  correlations for com pound II agree with this conclusion.
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T ab le  2.3: C h em ica l sh ifts assign ed  for  com p ou n d s la  and Ila  in CDC13, based  on H M B C , 
H SQ C , D E P T , and N O E SY  Spectra
la Ila
Position H C H C
1 1.24 33.3 1.24 33.3
1.50 1.46
2 1 .3 9 (a ) 17.2 1.35 17.3
1.36 ((3) 1.40
3 1.17 42.1 1 .1 6 (a ) 42.2
1.30 1.30 (P)
4 33.5 33.5
5 1.46 48.1 1.45 47.9
6 1.40 (a ) 1.42 (a ) 18.4
1.52 (P) 1.56 (P)
7 1.28 29.6 1.25 29.7
1.31 1.33
8 1.81 38.9 1.87 39.3
9 93.1 92.8
10 42.0 42.1
11 1.82 (proS ) 28.9 1.85 (proS) 29.0
1.93 (proR) 1.94 (proR)
12 1.69 37.2 1.95 (proS ) 37.2
2.04 1.81 (proR)
13 81.2 81.0
14 2.51 47.6 2.52 46.6
2.68 2.56
15 172.1 172.2
16 1.33 27.3 1.35 28.2
17 1.01 18.4 1.02 18.4
18 0.79 22.0 0.80 22.0
19 0.87 33.5 0.87 33.6
20 0.89 18.4 0.91 18.4
21 3.65 51.6 3.67 51.6
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F igure 2.16: T he relative  stereo ch em istries o f  com p ou n d s I and II
2.4 C orrection o f  Peak A ssignm ents for Com pound I Reported by M ebe (2001) 
Com pound I  was previously reported by M ebe (2001), however, according to the 
HM BC and N O ESY  data, M ebe m is-assigned 5 o f  the carbon peaks. Table 2.4 shows 
a com parison o f  my assignm ents w ith M ebe’s, as well as assignm ents predicted by 
Advanced Chem istry D iagnostics (ACD) Labs software. Table 2.5 shows the 
reassigned incorrect M ebe assignm ents.
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T ab le  2.4: A com parison  o f  m y a ssign m en ts w ith  M eb e’s a ss ign m en ts, and  w ith  A C D  P red icted  
S p ectra  (L arge  d ifferen ces in bold  type)
ID My shift
assignment (ppm)
Mebe shift 
assignment (ppm)
A (ppm) ACD (shift 
in ppm)
A (ppm)
1 13C o c 34.0 -0.5 33.4 0.1
1 ‘H, a 1.40 1.57 -0.17 1.40 0.00
1 1H, (3 1.30 1.42 -0.12 1.74 -0.44
2 13C 17.1 17.6 -0.5 18.7 -1.6
2 ‘H, a 1.35 1.36 -0.01 1.45 -0.10
2 'H ,p 1.47 1.42 0.05 1.63 -0.16
3 l3C 41.9 30.0 1 1 .9 42.3 -0.4
3 'H, a 1.13 1.44 -0.31 1.13 0.00
3 'H ,P 1.31 1.52 -0.21 1.21 0.10
4 l3C 33.6 30.3 3.3 33.3 0.4
5 l3C 48.6 49.6 -0.98 49.9 -1.3
5 'H 1.36 1.31 0.05 1.21 0.15
6 13C 18.3 42.2 - 2 3 .9 20.7 -2.4
6 'H, a 1.55 1.29 0.26 1.23 0.32
6 ’H, (3 1.42 1.08 0.34 1.52 -0.10
7 13C 30.2 18.6 1 1 .6 33.1 -2.9
7 'H, a 1.48 1.54 -0.06 1.38 0.10
7 ' h , p 1.80 1.39 0.41 1.46 0.34
8 l3C 39.4 39.6 -0.2 35.4 4.0
8 'H 1.86 1.82 0.04 1.66 0.20
9 l3C 96.1 96.7 -0.6 73.8 22.3
10 13C 42.2 42.5 -0.3 40.5 1.7
11 l3C 29 29.1 -0.1 32.9 -3.9
11 % p ro S 1.89 1.73 0.16 1.46 0.43
11 'H,/7toR 2.06 1.89 0.17 1.53 0.53
12 l3C 38.3 38.7 -0.4 39.8 -1.5
12 'H,proS 1.85 1.89 -0.04 2.01 -0.16
12 'H, proR 1.88 1.98 -0.1 2.27 -0.39
13 l3C 81.3 81.3 0.0 76.8 4.5
14 13C 47.5 47.1 0.4 47.8 -0.3
14 'H 2.52 2.46 0.06 2.57 -0.05
14 'H 2.60 2.68 -0.08 2.38 0.22
15 13C 172.5 172.6 -0.1 174.2 -1.7
16 13C 26.4 28.01 -1.6 36.5 -10.1
16 'H 1.35 1.37 -0.02 1.36 -0.01
17 13C 18.6 18.9 -0.3 16.7 1.9
17 'H 1.06 1.05 0.01 0.78 0.28
18 ,3C 21.9 34.1 -1 2 .2 22.0 -0.1
18 'H 0.81 0.79 0.02 0.87 -0.06
19 13C 33.6 22.2 1 1 .4 33.6 0.0
19 'H 0.87 0.85 0.02 0.89 -0.02
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T ab le  2 .4  (con tin u ed )
20 l3C 18.4 18.7 -0.3 17.0 1.4
20 'H 0.94 0.94 0.00 0.81 0.13
T ab le  2.5: M y correction  o f  M eb e’s assign m en ts
ID Shift (ppm) ACD (shift in ppm) Difference betw een corrected 
M ebe assignm ents and ACD (ppm)
3 13C 42.2 42.3 -0.1
6 l3C 18.6 20.7 -2.1
7 l3C 30.0 33.1 -3.1
18 l3C 22.2 22.0 0.2
19 l3C 34.1 33.6 0.5
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3.0 CON CLUSIO N S 
The 9,13-epoxylabdanes isolated in this research represent “m issing links” in the 
biosynthesis o f  more com plex labdanes. M any labdanes are highly oxygenated and 
have undergone apparent epim erizations, w hereas com pounds I and I I  are, by 
com parison, rather prim itive.
Com pounds I and I I  were first enriched by flash chrom atography, and then purified 
by flash chrom atography. The relative stereochem istry o f  each com pound was then 
verified by N O E spectroscopy. All stereochem ical assignm ents w ere m ade relative to 
C-20, because an X-ray crystal structure o f  this com pound could not be obtained.
Both C-13 epim ers can be readily explained by the proposed biosynthetic pathway.
There are many avenues for future work. M opane seems to be a good source o f 
“prim itive” labdanes and is easily grown. Consequently, m opane w ould be an 
excellent plant for studying the biosynthesis o f  these com pounds using m odem  
labeling experim ents. One possible experim ent would be pulse labeling using 14C02. 
That is, feeding the plant 14C02 for a short period o f  time, and observing in which 
com pounds the label appeared. This experim ent could verify the order o f  form ation 
o f com pounds I-V III  and may provide insights if  the oxidation at C-3 (III, IV , VI, 
and V II) is formed by divergent or sequential biosynthetic steps. A exam ple o f  a 
sequential step would be a radical m echanism  w hich would convert V  to III . An 
exam ple o f  a divergent m echanism  is shown in Scheme 3.1. This schem e is adapted
from Blount (1980). The plant would be fed l4CC>2 , and sam ples w ould be taken at 
regular intervals. If the oxidation at C-3 were caused by a sequential m echanism , V 
w ould have the label before III . I f  the oxidation occurred by a divergent m echanism, 
both V and I I I  would be labeled at the same time.
S ch em e 3.1: T he proposed  b iosyn th esis o f  c om p ou n d  III
The relative stereochem istry o f these com pounds have been assigned, how ever the 
absolute stereochem istry has not. A possible future project w ould be to derivatize 
these com pounds so that they could be crystallized. An X-ray crystal structure could 
then be obtained. This could be done as part o f  a larger project to verify the 
structures o f many reported labdanes. M any labdane structures w ere reported in the 
early sixties, before the 2D N M R  techniques used in this study were routine. 
Consequently, some reported structures o f  labdanes have errors and need to be 
corrected. For exam ple,the structure o f  Lagochilin was reported incorrectly, then 
later corrected by using X-ray crystallography [Rivett, 1976].
M ebe (2001) reported that the aldehyde form o f com pound I  (Figure 3.1) exhibited 
cytotoxic activity against a line o f  hum an breast cancer cells. It is possible that I  and 
II  also exhibit some activity against breast cancer. This could be investigated as an 
undergraduate biochem istry project.
F igu re 3.1: T he a ld eh yd e a n a lo g  o f  co m p o u n d  I, w h ich  w as reported  b y  M eb e (2001)
Finally, I I I  could be isolated and the absolute stereochem istry could be determ ined 
by converting it to a M osher ester [W u, 1995], com pounds I-V II should all have the 
same stereochem istry at C-10, because they are probably all m ade by the same 
biosynthetic pathway.
4.1 Sam ple Collection and Extraction
M opane seed pods were collected and air dried by Dr. Joseph Dudley in January 1996 
at Hwange N ational Park in Zim babwe. These seed pods were given to me in 
Septem ber o f 2002 and stored in a brown paper bag at room tem perature. Prior to 
analysis the seeds were removed from  the husk, and 90.16g o f  seeds were extracted 
with 800 mL hexanes overnight. The solution was then concentrated to l.O lg  o f 
yellow  oil under reduced pressure. The seeds were then extracted overnight with 800 
mL diethyl ether. The ether solution was dried with m agnesium  sulfate, filtered, and 
then concentrated to 1.50g yellow  oil under reduced pressure. Both the hexanes and 
the ether were purchased from Sigm a-Aldrich.
4.2 A nalysis and Purification
Through TLC (3% ethyl acetate in chloroform ), it was determ ined that w ere two 
com pounds o f interest in both the hexanes and ether extracts (I and II).
4.0 EXPERIMENTAL
I II
F igu re 4.1: C o m p ou n d s th a t I iso lated  from  m op an e seeds
C om pounds I  and I I  were in the ether extract, and separated by flash chrom atography 
using m ethylene chloride. A 10mm diam eter colum n was used, and I collected 6 mL 
fractions. These com pounds could not be com pletely separated the first tim e through 
the colum n, so after analysis, I developed a procedure to analyze each fraction, then 
futher purify I  and I I  by the procedure below.
First, each fraction was analyzed using 1 FI-NMR. The ratio o f  epim ers present was 
determ ined by integrating the doublets produced by the hydrogens on C - l4. One set 
o f  doublets is shown in grey, and the other is shown in pink. (Figure 4.2).
In the particular fraction shown in figure 4.2, there is about 3 tim es as m uch o f  the 
com pound producing the upfield set o f  doublets. Once the ratio o f  epim ers present in 
each sam ple was known, the sam ple w ould be placed in a vial w ith other sam ples 
containing approxim ately the same ratio. There were vials for ratios o f  1:1 to >10:1 
(epim er 1 to epim er 2). A fter the crude m ixture was chrom atographed, the enriched
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F ig u r e  4 .2 : A n  e x p a n d e d  N M R  sp ec tru m  o f  a  m ix tu r e  o f  I a n d  II , s h o w in g  th e  d o u b le ts  p r o d u c e d  
b y  th e  h y d r o g e n s  o n  C -1 4
sam ples (i.e. 3 :1) w ere  rech ro m ato g rap h ed . T he ep im er p ro d u c in g  th e  d o w n fie ld  set 
o f  d oub le ts  w as p u rified  in  th is  m anner.
D uring  th is  study , the  seeds w ere  ex trac ted  m an y  tim es. A fte r several ex trac tio n s, a 
so lu tio n  o f  pu re  I I  w as ob tained . I f  th is  p u re  sam ple  h ad  n o t b een  o b ta in ed , th en  I I  
co u ld  have  b een  p u rified  u sing  th e  ab o v e  p rocedure .
4.3 M ethy l E ster F o rm atio n
C o m p o u n d s I  and  I I  w ere co n v e rted  to  m ethy l esters  u sing  d iazo m eth an e . T he 
d iazo m eth an e  w as p ro d u ced  from  N -M e th y l-N ’-n itro -N -n itro so g u an ad in e  (M N N G ), 
u sing  the  ap p ara tu s  sh o w n  in  F ig u re  4.3.
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0.6 mL 5 NNaOH
F igu re  4.3: T he d ia zo m eth a n e  gen era to r  used  in th is proced ure. T his p ic tu re  is cop ied  from  
http ://w w w .k im b le-k o n tes.co m /h tm l/p g -7 6 7 2 0 0 .h tm l
133 m g o f  M NNG were placed in the inner tube o f the diazom ethane generator, along 
with 0.5 mL o f water. 20 mg o f  sam ple were dissolved in 3 m L o f  diethyl ether and 
placed in the outer tube. The apparatus was then clam ped closed and placed in an ice 
bath. Then 0.6 mL o f 5 N N aO H  was added dropwise through a septa (1 drop every 5 
seconds). The N aOH caused the M NNG to decom pose and produce diazom ethane, 
w hich was allowed to condense in the outer tube where it w ould react w ith the 
labdane. A fter all the N aO H  was added, the apparatus was left sealed for 45 m inutes, 
to allow  the diazom ethane to react. It was then opened and the diazom ethane was 
allowed to evaporate. This procedure w ould often need to be repeated to m ethylate 
all 20 mg o f  sample.
All spectra were obtained using a V arian 300M H z FT-NM R.
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Appendix A: N M R Data
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Figure A.2: A 13C N M R spectrum  o f I in CDC13
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F igu re  A .3: A n exp an d ed  v iew  o f  th e  l3C N M R  sp ectru m  o f  I in CDC13
1Figure A .4: A DEPT NM R spectrum of I in CDC13
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Figure A .5: An HSQC NM R spectrum of I in CDC13
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Figure A.6: An HM BC NM R spectrum  of I in CDC13
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Figure A.7: An expanded view  o f the HM BC NM R spectrum for I in CDC13
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Figure A .8: A 2D NOESY N M R spectrum  o f I in CDC13
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F igu re  A .10: A I3C N M R  sp ectru m  o f  I in rfj-benzene
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F igu re A .11: A n exp an d ed  v iew  o f  the l3C N M R  sp ectru m  o f  I in rfs-b en zen e
56
Figure A .12: A DEPT NM R spectrum o f I in rf^-benzene
F igu re  A .13: A n H SQ C  N M R  sp ectru m  o f  I in  </6-b en zen e
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F igu re A .14: A n H M B C  N M R  sp ectru m  o f  I in rfd-benzene
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F igu re A .15: A n exp an d ed  v iew  o f  th e  H M B C  N M R  sp ectru m  o f  I in rf6-b en zen e
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Figure A .16: A 2D NOESY NM R spectrum  o f I in rfs-benzene
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Figure A .17: A ‘H NM R spectrum  o f II in CDC13
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Figure A .18: A 13C NM R spectrum  o f II in CDCI3
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Figure A.19: An expanded view  o f the ,3C NM R spectrum of II in CDC13
64
Figure A.20: A DEPT NM R spectrum o f II in CDC13
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Figure A .21: An HSQ C NM R spectrum  o f  II in CDC13
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Figure A .22: An HM BC NM R spectrum o f II in CDC13
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Figure A .23: An expanded view  o f the HM BC NM R spectrum of II in CDCI3
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Figure A .24: A 2D NOESY N M R spectrum  o f II in CDCI3
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Figure A.25: A ‘H NM R spectrum  o f II in rf^-benzene
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Figure A .26: A 13C NM R spectrum of II in rf4-benzene
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Figure A.27: An expanded view  o f the UC N M R spectrum  of II in rf6-benzene
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Figure A.28: A DEPT NM R spectrum  o f II in tf6-benzene
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Figure A.29: An HSQC NM R spectrum  o f II in rf6-benzene
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Figure A.30: An HM BC NM R spectrum of II in ^ -benzene
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Figure A.31: An expanded view  o f  the H M BC NM R spectrum o f II in rfj-benzene
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Figure A.32: A 2D NOESY NM R spectrum o f II in rf6-benzene
F igu re  A .33: A ‘H N M R  sp ectru m  o f  I in C D C I3 w ith  3 d rops o f  rfj-pyridine
F igu re  A .34: A l3C N M R  sp ectru m  o f  I in CDC13 w ith  3 drops o f  rfj-pyridine
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Figure A.35: An HSQC NM R spectrum  o f I in CDC13 with 3 drops of rfj-pyridine
F igu re  A .36: A 'H  N M R  sp ectru m  o f  II in CDC13 w ith  3 d rops o f  tfj-pyrid ine
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Figure A .37: A l3C NM R spectrum  o f II in CDCI3 with 3 drops of rf^pyridine
F igu re A .38: A n  H SQ C  N M R  sp ectru m  o f  II in CDC13 w ith  3 drops o f  rf5-p yr id in e
F igu re  A .39: A 'H  N M R  sp ectru m  o f  la  in CDC13
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Figure A .40: A l3C NM R spectrum o f la  in CDC13
5Figure A .41: An expanded view  o f the 13C N M R  spectrum of la  in CDC13
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Figure A.42: A DEPT NM R spectrum o f la  in CDCI3
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Figure A.43: An HSQC NM R spectrum o f la  in CDC13
Figure A.44: An HM BC NM R spectrum  o f la  in CDC13
Figure A.45: An expanded view  o f the HM BC NM R spectrum of la  in CDC13
F igu re  A .46: A  2D  N O E S Y  N M R  sp ectru m  o f  la  in CDC13
Figure A .47: A *H NM R spectrum  o f Ila  in CDC13
a
I
|B s'
III
U M f r
si * « i .
0  { H |;
s II 
s«: ¥S 5
' L 2 - - I  g l
=1
s -
e  £
Sf H I
-z' l
Figure A .48: A ,3C NM R spectrum o f Ila in CDCI3
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Figure A.49: An expanded view  o f the l3C N M R  spectrum  of Ila  in CDC13
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Figure A .50: A DEPT NM R spectrum  o f Ila  in CDC13
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Figure A.51: An HSQC NM R spectrum  of Ila in CDCI3
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Figure A .52: An HM BC N M R spectrum  o f  Ila  in CDCI3
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Figure A .53: An expanded view o f  the HM BC NM R spectrum o f Ila in CDC13
98
Figure A .54: A 2D NOESY NM R spectrum  o f Ha in CDC13
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Appendix B: All HMBC and NOESY Correlations for Compound I in CDC13
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Appendix C: All HMBC and NOE Correlations for Compound I in d(,-benzene
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Appendix D: All HMBC and NOESY Correlations for Compound II in CDC13
NOES Y Correlations
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Appendix E: All HMBC and NOESY Correlations for Compound II in d6-benzene
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Appendix F: HMBC and NOESY Correlations for Compound l a
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Appendix G: HMBC and NOESY Correlations for Compound Ila
N OE S Y  Correlations
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